Understanding the physiological role of tachykinins requires precise cellular and subcellular localization of their receptors. We raised antisera by immunizing rabbits with peptides corresponding to portions of the intracellular tails of the rat neurokinin 1, 2, and 3 receptors (NK1-R, NK2-R, NK3-R). Receptors were localized by immunofluorescence and confocal microscopy. NK1-R, NK2-R, and NK3-R were detected at the plasma membrane of transfected cells with minimal intracellular stores. Staining was abolished by preabsorption of the antisera with the peptides used for immunization. Nontransfected cells were unstained. Each antiserum only stained cells transfected with the appropriate receptor and did not stain cells transfected with the other receptors. Therefore, the antisera are specific and do not cross-react with other neurokinin receptors. We examined the distribution of the neurokinin receptors in the gastrointestinal tract of the rat. NK1-R was detected in myenteric and submucosal neurons and in interstitial cells of Cajal. NK2-R was localized to circular and longitudinal muscle cells and to nerve endings in the plexuses. NK3-R was detected in numerous myenteric and submucosal neurons. Some neurons expressed both NK1-R and NK3-R. Receptors were detected at the plasma membrane and in endosomes. Cells expressing the receptors were closely associated with tachykinin-containing nerve fibers. Thus, NK1-R and NK3-R mediate neurotransmission by tachykinins within enteric nerve plexuses, and NK1-R and NK2-R mediate the effects of tachykinins on interstitial and smooth muscle cells, respectively.
The tachykinin family of neuropeptides includes substance P (SP), neurokinin A (NKA), and neurokinin B (NKB). They are neurotransmitters in the peripheral and central nervous systems, stimulate smooth muscle contraction and exocrine secretion, and mediate inflammation (Otsuka and Yoshioka, 1993) . The tachykinins interact with three G-protein-coupled neurokinin receptors (NK1-R, NK2-R, and NK3-R) with different affinities (NK1-R: SP Ͼ NKA Ͼ NKB; NK2-R: NKA Ͼ NKB Ͼ SP; NK3-R: NKB Ͼ NKA Ͼ SP) (Helke et al., 1990; Ohkubo and Nakanishi, 1991) . The ability of a tachykinin to interact with a receptor depends on the proximity of sites of peptide release to receptor-bearing cells, so that the required peptide concentration for receptor activation is achieved, and on whether a receptor is available and appropriately coupled. Therefore, an understanding of the physiological functions of the tachykinins requires precise localization of the peptides and their receptors. The distribution of the tachykinins has been studied thoroughly by molecular, biochemical, and immunohistochemical techniques (Otsuka and Yoshioka, 1993) . SP and NKA are usually coexpressed and are found in high concentrations in the peripheral and central nervous systems, whereas NKB is confined mostly to the CNS.
Far less is known about the distribution of the neurokinin receptors, because specific antisera have not been available. Neurokinin receptors have been detected by autoradiography (Burcher et al., 1984 (Burcher et al., , 1986 Mantyh et al., 1988 Mantyh et al., , 1989 Gates et al., 1989) . Binding sites for all three peptides are present in the brain and spinal cord, whereas sites for only SP and NKA are found in the gastrointestinal tract. Autoradiography localizes functional binding sites but has inadequate resolution for precise cellular and subcellular localization. Neurokinin receptors have been localized in cells with high resolution using fluorescent ligands Bunnett et al., 1995; Grady et al., 1995 Grady et al., , 1996 . However, fluorescent and radiolabeled peptides interact with more than one neurokinin receptor or may detect binding sites that are not receptors. Localization of receptors has also been inferred from pharmacological studies using selective agonists and antagonists (Regoli et al., 1994) . This approach again relies on binding properties, resulting in a lack of absolute specificity.
Neurokinin receptors have been cloned from several species, including the rat (Yokota et al., 1989; Sasai and Nakanishi, 1989; Hershey and Krause, 1990; Shigemoto et al., 1990) , permitting molecular analysis of receptor distribution. NK1-R mRNA is expressed in relatively high levels in the CNS and gastrointestinal tract, NK2-R mRNA is mostly confined to peripheral organs, and NK3-R mRNA is found mostly in the CNS ).
An important step in resolving the difficulty of accurate and precise localization is the development of receptor specific antisera that are suitable for immunocytochemistry. Thus, our aims were as follows: (1) to generate antisera to the rat NK1-R, NK2-R, and NK3-R; (2) to characterize the antisera by immunofluorescence and Western blotting in transfected cells; (3) to localize the receptors at the cellular and subcellular level in the rat gastrointestinal tract by immunofluorescence and confocal microscopy; and (4) to verify that they are localized near tachykinincontaining nerves.
MATERIALS AND METHODS
Materials. Keyhole limpet hemocyanin was from Calbiochem (La Jolla, CA) or Pierce (Rockford, IL), carbodiimide was from ICN (Irvine, CA), m-maleimidobenzoyl-N-hydroxysuccinimide ester was from Pierce, Freund's adjuvant was from Difco Laboratories (Detroit, MI), and TriImmunol vaccine was from Lederle Laboratories (Pearl River, NY). An ECL detection kit was from Amersham (Arlington Heights, IL). Fura-2 AM and Cell Tracker CM-DiI were from Molecular Probes (Eugene, OR). Affinity-purified goat anti-mouse and goat anti-rabbit IgG, coupled to FITC or Texas Red, were from Cappel Research Products (Durham, NC) or Jackson ImmunoResearch (West Grove, PA). A monoclonal antibody to tachykinins was from Chemicon (Temecula, CA). SP, NKA, and NKB were from Peninsula Laboratories (Belmont, CA). Other reagents were from Sigma (St. Louis, MO).
Cell lines. Sarcoma virus-transformed rat kidney epithelial cells (KNRK) and Chinese hamster ovary cells (CHO) were from American Tissue Type Culture Collection (Rockville, MD). KNRK cells stably expressing the rat NK1-R were generated as described previously Vigna et al., 1994) . CHO cells stably expressing the rat NK2-R were a gift from Dr. J. E. Krause (Washington University, St. Louis, MO). KNRK were stably transfected with cDNA encoding the rat NK3-R (gift from Dr. J. E. Krause) as described previously Vigna et al., 1994) . Cells were maintained in minimal essential medium-␣ supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 g/ml streptomycin, and 400 g/ml G-418 in 5% O 2 /95% CO 2 at 37ЊC.
Cells were screened for functional expression of neurokinin receptors by measurement of changes in [Ca 2ϩ ] i in response to tachykinins using Fura-2 AM Vigna et al., 1994) . Fluorescence was measured in a spectrofluorometer at wavelengths of 340 and 380 nm for excitation and 510 nm for emission. The ratio of the fluorescence at the two excitation wavelengths, which is proportional to the [Ca 2ϩ ] i , was calculated. SP, NKA, and NKB (10 nM) induced a prompt increase in [Ca 2ϩ ] i in cell lines expressing NK1-R, NK2-R, and NK3-R, respectively (data not shown). There was no detectable Ca 2ϩ response to these peptides in nontransfected cells. Therefore, the transfected cell lines express functional neurokinin receptors, but these receptors are undetectable in nontransfected cells. Cells respond to agonists at concentrations similar to the affinity of each receptor for its high-affinity ligand (Yokota et al., 1989; Hershey and Krause, 1990; Shigemoto et al., 1990; Ingi et al., 1991, Ohkubo and (Ohkubo and Nakanishi, 1991) . For conjugation of NK1-R fragment, 7 mg of NK1-R 393-407 , 5 mg of keyhole limpet hemocyanin, and 30 mg of carbodiimide were dissolved in 3.0 ml of 50 mM PBS, pH 7.4, gently agitated for 3 hr at room temperature and overnight at 4ЊC, and dialyzed. The efficiency of conjugation, estimated by including 10 5 cpm of 125 I-labeled NK1-R 393-407 in the reaction, was ϳ30%. For conjugation of NK2-R fragment, 5 mg of NK2-R 376 -390 and 5 mg of keyhole limpet hemocyanin were dissolved in 3 ml of 0.13 M NaCl in 0.16 M boric acid, pH-adjusted to 9.0, on ice. Bisdiazotized benzidine (25 mM, 150 l) was added dropwise with continuous stirring, the reaction was continued for 3 hr, and the mixture was dialyzed. The efficiency of conjugation was ϳ70%. For conjugation of NK3-R fragment, 10 mg of NK3-R 438 -452 and 5 mg of keyhole limpet hemocyanin were dissolved in 6 ml of 0.01 M ammonium acetate, pH 5.2, and 10 l of 25% glutaraldehyde solution was added. The mixture was agitated in the dark for 3 hr at room temperature and dialyzed. The efficiency of conjugation was ϳ70%. In addition, 1 mg of the NK3-R 410 -417 fragment was conjugated to 10 mg of keyhole limpet hemocyanin with m-maleimidobenzoyl-N-hydroxysuccinimide ester.
Three female New Zealand rabbits (10 weeks) were used for immunization with each peptide conjugate. The conjugates were mixed 1:1 with Freund's complete adjuvant, and rabbits were immunized with 2.0 ml of the emulsion, containing ϳ80-500 g of conjugates in 15-20 sites at 6 -8 week intervals. At the first immunization, rabbits were injected intramuscularly with 0.5 ml of Tri-Immunol vaccine. Animals were boosted every 6 -8 weeks with 40 -200 g of conjugated peptide in Freund's incomplete adjuvant.
Antiserum screening by ELISA. The peptides used for immunization (500 ng peptide/well) were attached to 96-well plates by incubation with 50 l of 10 g/ml peptide in PBS overnight at 4ЊC. Plates were blocked with 1% bovine serum albumin in PBS for 1 hr at room temperature and washed with PBS containing 0.01% Tween-20, and 100 l of diluted antisera (1:10 to 1:100,000) was added per well. Plates were incubated for 1 hr at 37ЊC, washed, and incubated with 100 l of 1:1000 horseradish peroxidase-conjugated goat anti-rabbit IgG for 1 hr at 37ЊC. Plates were washed and incubated with 100 l of o-phenylenediamine dihydrochloride in 0.1 M citrate buffer, pH 5.0, containing 0.015% H 2 O 2 for 15 min at 37ЊC, to develop the reaction product. Reactions were stopped by addition of 50 l of 10% H 2 SO 4 , and absorbance was measured at 492 nm.
Western blotting. Cells were solubilized in Laemmli buffer by boiling for 5 min. Aliquots (10 g total protein/lane) were separated on a 4 -15% polyacrylamide gel under denaturing and reducing conditions (Laemmli, 1970) and transferred to nitrocellulose. Filters were incubated with the antisera (1:5000) overnight at 4ЊC, washed, and then incubated with goat anti-rabbit IgG conjugated to peroxidase (1:8000) for 1 hr at room temperature. Bands were detected using an Amersham ECL detection kit according to the manufacturer's protocol. Controls included use of nontransfected cells and preabsorption of the diluted primary antisera with receptor fragments (1 g/ml) for 1 hr at room temperature before incubation with the filter.
Receptor localization in transfected cell lines. Cells were plated on poly-D-lysine-coated glass coverslips for 2 d before use. Cells were fixed in 4% paraformaldehyde in 100 mM PBS, pH 7.4, for 20 min at 4ЊC and washed in PBS containing 1% goat serum and 0.1% saponin . Cells were incubated with primary antibodies (1:1000 to 1:5000) overnight at 4ЊC and with FITC-or Texas Red-conjugated goat antirabbit IgG (1:200) for 2 hr at room temperature.
Receptor localization in tissue sections and whole mounts. Male Sprague Dawley rats (200 gm) were anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and transcardially perfused with 50 ml of PBS containing 100 U of heparin followed by 500 ml of 4% paraformaldehyde in 100 mM PBS, pH 7.4. Tissues were removed, placed in fixative overnight at 4ЊC, and washed in PBS. For preparing cryostat sections, tissues were incubated in 25% sucrose in PBS for 24 hr at 4ЊC, embedded in OCT compound (Miles, Elkhart, IN) , and sectioned at 10 m. For preparing whole mounts, the longitudinal muscle with attached myenteric plexus, circular muscle, and submucosa was dissected from the terminal ileum. Sections and whole mounts were washed in PBS containing 1-10% goat serum and 0.3% Triton X-100 and incubated with primary antisera (1:1000 to 1:4000) for 24 -48 hr at 4ЊC and with FITC-or Texas Red-conjugated goat anti-rabbit IgG (1:200) for 2 hr at room temperature. For simultaneous localization of the neurokinin receptors and tachykinins, sections and whole mounts were incubated with the polyclonal receptor antisera and a monoclonal tachykinin antiserum (1:1000), followed by speciesspecific secondary antibodies conjugated with contrasting fluorophores. For detection of the cell surface, stained sections were incubated further with 0.5 g/ml Cell Tracker CM-DiI for 30 min at room temperature and post-fixed with 4% paraformaldehyde.
Microscopy. Cells and tissues were examined using an MRC 1000 Laser Scanning Confocal Microscope (Bio-Rad, Hercules, CA) equipped with a krypton/argon laser and attached to a Zeiss Axiovert microscope. A Zeiss Plan-Apochromat ϫ100 oil-immersion objective with a numerical aperture of 1.4 (ϱ0.7) was used. Images were collected using an aperture of 2-4 mm and a zoom of 1-4. Usually, 12-20 optical sections were taken at 0.54 m intervals. The resolution of the confocal microscope in the x/y-axis was 170 -200 nm and in the z-axis 230 -400 nm. Images of 768 ϫ 520 pixels were obtained. Images were processed using Adobe Photoshop 3.0 (Adobe Systems, Mountain View, CA) and printed using a Fujix Pictrography 3000 Printer. All images are of a single optical section.
RESULTS

Generation of antibodies
We obtained serum from all rabbits after the second and subsequent booster injections and screened for the presence of receptor antibodies by ELISA and by immunofluorescence with transfected cell lines. Antibodies that were detectable by ELISA and by immunofluorescence were obtained in all rabbits after the second boosts with ELISA titers from 1:10,000 to 1:100,000 (Table 1) . For the immunofluorescence studies, we used the following antisera: NK1-R, #94168; NK2-R, #94179; NK3-R, #94192 and #AP951, based on the intensity of staining of transfected cells.
Characterization of antibodies in transfected cell lines
We used cell lines that were stably transfected with cDNA encoding the rat NK1-R, NK2-R, or NK3-R to characterize fully the receptor antibodies by immunofluorescence and Western blotting.
We localized the receptors in the transfected cells by immunofluorescence and confocal microscopy. The NK1-R, NK2-R, and NK3-R antisera stained the plasma membrane of cells expressing NK1-R, NK2-R, and NK3-R, respectively (Fig. 1) . There was minimal receptor immunoreactivity in the cytoplasm or in organelles. Specificity was examined by preincubation of the diluted antisera with 1 m of the receptor fragments that were used for immunization. When antisera were absorbed with the receptor fragments and then incubated with transfected cells, there was no detectable staining (Fig. 1, bottom panels) . Similarly, the antisera did not stain nontransfected cells (not shown). Therefore, the antisera specifically recognize the appropriate receptors in transfected cell lines.
The antisera were raised to peptides corresponding to C-terminal sequences of the rat NK1-R, NK2-R, and NK3-R that are distinctly different. Comparable sequences were not present in other proteins as determined by searches of available protein sequences in GenBank. We determined whether the antisera cross-reacted with other neurokinin receptors. Cells expressing NK1-R were only stained with NK1-R antiserum and not with NK2-R or NK3-R antisera (Fig. 1) . Similarly, cells expressing NK2-R were stained only by NK2-R antiserum (Fig. 1) , and cells expressing NK3-R were stained only by NK3-R antiserum (Fig. 1) . Therefore, the antisera do not cross-react with the other known neurokinin receptors and can be used to specifically identify the neurokinin receptors.
We verified the specificity of our antisera by Western blot analysis. Each antiserum detected proteins in transfected cells expressing the appropriate receptor. The protein bands were broad, with molecular weights ranging from 80 to 100 kDa (Fig. 2,  lane 1) . The largest molecular weight protein was detected in cells expressing the NK2-R. When antisera were preabsorbed with the receptor fragments that were used for immunization, there was no detectable staining of the blots (Fig. 2, lane 2) . Similarly, there was no detectable staining of blots of nontransfected cells (Fig. 2, lane  3) . Therefore, the antisera specifically recognize appropriate proteins in transfected cells.
Localization of neurokinin receptors in the rat gastrointestinal tract
Having characterized the antisera, we localized the neurokinin receptors in the rat gastrointestinal tract. There is evidence for expression of all three neurokinin receptors in this tissue (Otsuka and Yoshioka, 1993; Regoli et al., 1994) .
NK1-R
NK1-R was detected in myenteric and submucosal neurons of the duodenum, jejunum, ileum, and colon and in myenteric neurons of the stomach, using antiserum #94168 and confocal microscopy ( Fig. 3A-C, E) . The antiserum reacted with many, but not all, neurons in myenteric or submucosal ganglia. In whole mounts of the ileum, most of the NK1-R-expressing neurons in the myenteric plexus had the appearance of bipolar neurons, with two long processes extending parallel to the circular muscle fibers, or of cells with numerous short process (Fig. 3C) . The NK1-R was also detected on numerous non-neuronal cells of the inner portion of the circular muscle of the small intestine (Fig. 3B, D, E) . These cells were elongated, appeared to form a continuous layer, and had a higher density of NK1-R than neurons, as shown by the relative intensity of neuronal and non-neuronal immunoreactivity in Figure 3B . They resemble interstitial cells of Cajal, judging from their size, shape, and location. In both neuronal and nonneuronal cells, NK1-R was localized to the plasma membrane and to endosomes located beneath the plasma membrane or in a perinuclear location, as seen in optical sections taken through the center of these cells (Fig. 3C-E) . In most neuronal processes, there were numerous endosomes and surface staining was less apparent than in the cell body. There was no detectable staining when the antiserum was preabsorbed with the peptide that was used for immunization (not shown). Examination of serial sections cut at 8 m intervals indicated that some neurons that expressed the NK1-R also expressed the NK3-R (Fig. 3E, F ) .
NK2-R
NK2-R was detected in the muscularis externa of the stomach, small intestine, and colon using antiserum #94179 (Fig. 4) . In the duodenum, jejunum, and ileum, both the circular and the longitudinal muscle layers were clearly stained with a similar intensity in each region (Fig. 4 A) . In the fundus and antrum of the stomach, the circular muscle was strongly stained, but there were very low levels of detectable immunoreactivity in the longitudinal muscle (Fig. 4C) . The most intense staining was in the circular muscle layer of the antrum, where the plasma membrane of all muscle cells was clearly stained. In the proximal colon, the circular muscle showed a gradient of NK2-R immunoreactivity, with the high intensity of staining localized near the submucosa and a lower intensity occurring near the myenteric plexus (Fig. 4 D) . The staining intensity is indicated by ϩϩϩ (strong surface staining detected at high antisera dilutions), ϩϩ (moderate staining), or ϩ (weak staining only detected at low antisera dilutions). *, Antisera selected for further study. There was no detectable difference in the intensity of the staining within the circular muscle of the stomach or small intestine. The NK2-R was also detected in the muscularis mucosa of small intestine and colon (Fig. 4 E) . Appreciable levels of NK2-R immunoreactivity were not detected in the muscularis mucosa of the stomach. The NK2-R was localized to the plasma membrane of smooth muscle cells, where it was often of a beaded or granular appearance (Fig. 4 A,C-E,G) . In addition, the receptor was detected in a few endosomes in muscle cells, as seen in optical sections taken through the center of these cells (Fig. 4G ). This was particularly evident when the cell outline was identified by a membrane marker (Fig. 4G, H ). It was difficult to clearly visualize NK2-R in muscle cells in whole mounts of the ileum, probably because of its widespread distribution. The NK2-R was not detected in nerve cell bodies or processes of the myenteric or submucosal nerve plexuses. However, NK2-R was present on numerous nerve terminals in both the submucosal and the myenteric plexuses of the small intestine (Fig. 4 F) . There was no detectable staining when the antiserum was preabsorbed with the peptide that was used for immunization (Fig. 4 B) .
NK3-R
NK3-R was detected in neurons of the rat gastrointestinal tract using antisera #94192 and #AP951, which gave a similar pattern of staining in tissue sections and whole mounts (Fig. 5) . Numerous stained neurons were detected in the myenteric and submucosal plexuses of the duodenum, jejunum, and ileum (Fig. 5A, D, E, H ) . Immunoreactivity was particularly apparent in the soma of neurons, although it was also detected in fibers within the plexuses. In the gastric fundus and antrum, NK3-R was observed in neurons in the myenteric and submucosal plexuses, but there were fewer stained neurons than in the small intestine (Fig. 5C ). In the proximal colon, NK3-R was detected in many myenteric and submucosal neurons (Fig.  5F ,G). Confocal microscopy showed that the plasma membrane of the neurons was clearly stained and that NK3-R was also detected in numerous endosomes, which were particularly apparent in the neuronal processes ( Fig. 5F-H ) . More neurons were stained by NK3-R antiserum than by NK1-R antiserum. The NK3-R was not detected in the muscle layer. There was no detectable staining when the antiserum was preabsorbed with the peptide that was used for immunization (Fig. 5B) .
Simultaneous detection of tachykinins and neurokinin receptors
To examine the relationship between nerve fibers containing tachykinins and cells expressing neurokinin receptors, we simultaneously incubated tissues with a monoclonal antiserum to tachykinins and the polyclonal antisera to the neurokinin receptors. The specificity of the monoclonal antiserum was established by preincubating the diluted antiserum with 1 M SP, NKA, or NKB overnight at 4ЊC before incubation with tissue sections. Preabsorption with SP, NKA, or NKB abolished staining. Thus, the antiserum recognizes sequences in the C terminus that are common to SP, NKA, and NKB. Tachykinin immunoreactivity was detected in varicosities in nerve fibers in the myenteric and submucosal plexuses and in the circular and longitudinal muscle layers. Tachykinin-containing nerve fibers surrounded all NK1-R-expressing neurons in the myenteric and submucosal plexuses (Fig. 6 A, B) . In addition, they outlined the soma of neurons that did not stain with the NK1-R antiserum (Fig.  6B, asterisk) . The interstitial cells of Cajal, which were stained with the NK1-R antiserum, were also closely associated with tachykinincontaining nerve fibers (Fig. 6C) . Within the circular muscle layer, all of the myocytes expressed the NK2-R, but tachykinin-containing fibers were adjacent to only a small proportion of muscle cells (Fig.  6D, E) . Tachykinin-containing nerve fibers also surrounded NK3-R expressing neurons in the myenteric and submucosal plexuses (Fig.  6F,G) . However, they also outlined the soma of some neurons that were not stained with the NK3-R antiserum (Fig. 6G, asterisk) . Thus, it is likely that receptor-bearing cells are innervated by tachykinincontaining nerve fibers.
In each case, there was no evidence that the neurokinin receptors were concentrated to a region of a neuron, interstitial cell of Cajal, or muscle cell that was in close apposition to tachykinincontaining varicosities. Thus, in the case of the NK1-R in nerve cells and interstitial cells of Cajal, tachykinin immunoreactivity was detected in varicosities adjacent to each cell, but there was no evidence for greater receptor immunoreactivity at these sites (Fig.  6 A-C) . All of the muscle cells showed NK2-R immunoreactivity, but tachykinin-containing fibers were adjacent to only a small proportion of these cells that showed no greater NK2-R immunoreactivity than cells in the bulk of the muscle (Fig. 6 D, E) . NK3-R on nerve cells showed a similar dispersed localization as the NK1-R, with no detectable concentration in relation to tachykinin-containing varicosities (Fig. 6 F,G) . Thus, the neurokinin receptors are quite uniformly distributed on a cell and not clustered close to tachykinin-containing nerve fibers.
DISCUSSION
This is the first detailed comparison of the distribution of all three tachykinin receptors in the gastrointestinal tract of the rat using specific antibodies. Our antibodies are specific, because they (1) stained transfected cells expressing the appropriate receptors, (2) did not stain cell lines and tissues if preabsorbed with the receptor fragments, and (3) identified appropriately sized proteins by Western blotting (80 -100 kDa). Similar molecular weights have been reported for the NK1-R and NK3-R Kage et al., 1995; Ding et al., 1996) . Although the neurokinin receptors have predicted molecular weights of 44 -51 kDa, glycosylation would increase the molecular weights (Ohkubo and Nakanishi, 1991) . 
Localization of neurokinin receptors in the gastrointestinal tract NK1-R
Our detection of NK1-R immunoreactivity in enteric neurons and interstitial cells of Cajal is supported by previous studies using a different antiserum Sternini et al., 1995; Portbury et al., 1996) and with the localization of SP binding sites by autoradiography (Burcher et al., 1984 (Burcher et al., , 1986 Mantyh et al., 1989) . SP binds to myenteric and submucosal neurons, and stimulation of rat neurons containing SP results in slow EPSPs in follower cells, which are blocked by SP antiserum and that may be mediated by the NK1-R (Willard, 1990) . SP binding sites are found in the innermost layers of the circular muscle in the rat intestine (Burcher et al., 1984 (Burcher et al., , 1986 Mantyh et al., 1989) , but this binding may be to interstitial cells of Cajal that were intensely stained by our antiserum and restricted to the small intestine, which may explain the higher expression of NK1-R mRNA in the intestine than the stomach . The NK1-R has also been detected in the circular muscle of the guinea pig ileum by use of selective agonists and antagonists (Maggi et al., 1990) , although contractile effects could have been attributable to activation of the receptor on interstitial cells of Cajal, which regulate contractile activity of the intestine (Ward and Sanders, 1990 ). We did not detect NK1-R in longitudinal muscle, although low levels of SP binding are found in the longitudinal muscle of the rat stomach and intestine (Burcher et al., 1984 (Burcher et al., , 1986 Mantyh et al., 1989) , and low numbers of NK1-Rs have been detected in longitudinal muscle of the rat duodenum by using selective agonists and antagonists (Rahman et al., 1994) . It is possible that the NK1-R is expressed at very low levels by muscle tissue and, therefore, is beyond the sensitivity of detection by immunofluorescence. Alternatively, muscle cells may express a subtype, perhaps one that is truncated at the C terminus (Fong et al., 1992; Kage et al., 1993) , which would not be detected by our antiserum.
NK2-R
Our detection of the NK2-R immunoreactivity in muscle is also supported by localization of NKA-binding sites on muscle cells by autoradiography (Burcher et al., 1984 (Burcher et al., , 1986 Mantyh et al., 1989; Mussap and Burcher, 1993) . Both methods show localization to muscle cells rather than nerves and marked regional differences in expression throughout the gastrointestinal tract. We detected high levels of NK2-R immunoreactivity in circular muscle, and NKA binds to circular muscle of the rat pylorus, fundus, colon, and proximal duodenum with decreasing intensity (Burcher et al., 1984 (Burcher et al., , 1986 Mantyh et al., 1989; Mussap and Burcher, 1993) . We found lower NK2-R immunoreactivity in the longitudinal muscle, and there are fewer NKA-binding sites in this tissue. We detected NK2-R in the muscularis mucosa of the small intestine and colon, and NKA also binds to the muscularis mucosa of the stomach and colon (Burcher et al., 1986; Mantyh et al., 1989; Mussap et al., 1993) . The intense staining for NK2-R in the gastric antrum may explain its high expression of NK2-R mRNA . Functional experiments support the localization of the NK2-R to muscle cells. For example, contractile responses of longitudinal muscle of the rat duodenum and circular muscle of the guinea pig ileum to NK2-R-selective agonists are unaffected by tetrodotoxin, confirming the presence of NK2-R in muscle (Bergström et al., 1987; Maggi et al., 1990 Maggi et al., , 1994 Bartho et al., 1992; Rahman et al., 1994) . However, we also detected NK2-R in nerve endings but not cell bodies in the submucosal and myenteric plexuses. In dogs, NKA binds to the myenteric plexus, where it may identify nerve endings (Mantyh et al., 1988) .
NK3-R
Our detection of a large population of enteric neurons with NK3-R immunoreactivity contradicts the results of binding studies, which failed to detect NK3-R in the gastrointestinal tract (Mantyh et al., 1988 Gates et al., 1989) . However, low levels of NK3-R mRNA are found in the rat stomach and intestine . In the rat brain, in situ hybridization for NK3-R mRNA agrees well with immunohistochemical results, and although it generally agrees with previous binding data there are some discrepancies (Ding et al., 1996) . Functional experiments support the neuronal localization of the NK3-R. The NK3-R agonists NKB, eledoisin, senktide, and [MePhe 7 ]-NKB stimulate contraction of rat duodenum and guinea pig ileum (Laufer et al., 1985 (Laufer et al., , 1988 Kilbinger et al., 1986; Guard and Watson, 1987; Maggi et al., 1990) . The responses of the guinea pig ileum are abolished by tetrodotoxin and reduced by atropine, which indicates the presence of NK3-R on cholinergic neurons of the myenteric plexus (Guard and Watson, 1987) . Indeed, senktide stimulates acetylcholine release from myenteric neurons (Guard et al., 1991; Yau et al., 1992) . Desensitization or antagonism of the NK1-R markedly reduces the atropine-resistant contractile response, suggesting that release of tachykinins and activation of the NK1-R contributes to senktide-stimulated contraction (Guard and Watson, 1987) . Thus, our finding that neurons in the myenteric plexus can express both NK1-R and NK3-R is of particular interest.
Simultaneous localization of tachykinins and neurokinin receptors
Our tachykinin antibody probably reacted primarily with SP, NKA, neuropeptide K, and neuropeptide ␥ because these peptides and their precursor mRNAs are readily detected in the rat intestine (Sternini et al., 1989; Carter and Krause, 1990; Takeda et al., 1990; Krause et al., 1992) , whereas NKB and its precursor mRNA are expressed in low levels in the gut (Tateishi et al., 1990) . Thus, nerve fibers containing SP and NKA are well situated to stimulate NK1-R and NK2-R, their preferred receptors. Although sufficient NKB may be available to activate the NK3-R, the other tachykinins may be the natural agonists of the NK3-R in the gut. The affinity of the NK3-R for NKB is ϳ100-fold higher than for NKA (Ohkubo and Nakanishi, 1991) , but the concentration of NKA in small intestine is Ͼ40-fold higher than NKB (Tateishi et al., 1990) . Thus, if high local concentrations are achieved, NKA could stimulate the NK3-R. Indeed, the ability of SP and NKA to stimulate the NK3-R has been a strong argument for use of more specific agonists for receptor characterization (Maggi et al., 1994) . It is also possible that our NK3-R antiserum detected a variant of the NK3-R with altered selectivity for the tachykinins, and receptor subtypes have been suggested by pharmacological approaches (Maggi et al., 1994; Rahman et al., 1994; Regoli et al., 1994) . Supporting altered NK3-R affinity in the gut is the inability to detect binding sites for the NKB analog eledoisin in the gut but not the CNS (Mantyh at al., 1988 .
We did not detect concentrations of neurokinin receptor immunoreactivity adjacent to tachykinin-containing varicosities. Tachykinin-containing varicosities were apposed to neurons and interstitial cells of Cajal expressing NK1-R or NK3-R, but there was no greater receptor immunoreactivity at these sites. Tachykinin-containing fibers were adjacent to only a small pro-
